Abstract Shuni virus (SHUV), a member of the genus Orthobunyavirus, has in a recent study been associated with neurological disease in horses in South Africa. After its first isolation in 1966 from an asymptomatic bovine, very little attention was given to the genetic characterisation of SHUV. The association of SHUV with severe neurological disease in several horses in South Africa prompted us to determine the full genome sequence of a horse neurovirulent isolate to compare it to other members of the genus Orthobunyavirus, as well as the partially sequenced genome of the prototype SHUV strain. The availability of a full genome sequence will facilitate the development of a reverse genetics system to study SHUV molecular biology and pathogenesis.
Introduction
Shuni virus (SHUV) belongs to the Simbu serogroup of the genus Orthobunyavirus, family Bunyaviridae. Given the importance of the orthobunyaviruses assigned to the Simbu serogroup in both public and veterinary health, surprisingly little genetic information is available for SHUV, with limited clinical descriptions of disease dating back to the 1960s and 1970s, including isolation of the virus from a febrile child [1] . The prototype SHUV strain (An10107) was isolated during arbovirus surveys at an abattoir in Nigeria in 1966 from an apparently healthy cow [2] . In 2012, an almost complete genome sequence of this strain was submitted to the GenBank database as part of a phylogenetic analysis of the Simbu serogroup [3] .
The identification of highly pathogenic strains of SHUV from the brains of horses with severe neurological disease in South Africa [1] raises several questions regarding the difference in pathogenicity that full genome sequencing may address.
Although not yet fully characterised, the prototype sequence gave us the opportunity to compare SAE18/09, an isolate that had been associated with neurological disease in an equine [4] , to this isolate from an asymptomatic bovine [2] . Factors such as spatial and temporal separation as well as possible recombination events or point mutations could affect the genotypic and phenotypic traits resulting in the observed pathogenic differences between these two strains, and thus the need to investigate the molecular biology of SHUV arose.
Orthobunyaviruses are enveloped and possess a genome composed of three segments of negative-sense singlestranded RNA, designated as large (L), medium (M) and small (S) [5] . The L segment encodes the viral RNA polymerase, which functions in replication and transcription of the genomic RNA segments. The M segment codes for a glycoprotein precursor, which is cotranslationally cleaved into the viral envelope glycoproteins, Gn and Gc, as well as a non-structural protein, named NSm [5, 6] . The S segment encodes two proteins, the nucleocapsid (N) protein and a smaller non-structural protein (NSs), in overlapping reading frames [5, 7] . A characteristic feature of orthobunyavirus genome segments is the complementarity of the 3 0 and 5 0 termini, the base pairing of which results in so-called panhandle structures [5] .
Alignments of S segments of viruses from the Simbu serogroup have revealed nucleotide sequence identities between 65 % and 99.1 % [8] . The nucleotide sequence identity of the M segment open reading frame (ORF) ranges from 47.9 % to 56.0 % between members of the Simbu serogroup. The amino acid (aa) sequences are highly variable (37.3 %-49.7 %), although several features are conserved. These features include 59 of the 71 cysteine residues and a conserved arginine (R) residue, which is located proximal to the predicted cleavage site between Gn and NSm [9] .
Analysis of the L protein has shown the nucleotide sequence identity between members of the Simbu serogroup to range between 60.4 % and 92.9 %. The conservation at the aa level varies from 57.5 % to 98.4 % [3] . Four conserved regions have been identified in the L protein [10] .
As in the case of other viruses that have segmented genomes, the occurrence of genetic reassortments of orthobunyaviruses has been reported. Ngari virus (MRIV), for instance, was generated as a result of reassortment between BUNV and Batai viruses (BATV), resulting in increased pathogenicity and outbreaks of haemorrhagic fever [11, 12] . For the Simbu serogroup, the Jatobal (JATV) and Tinaroo (TINV) viruses are likely reassortants containing RNA segments from OROV and AKAV, respectively [13, 14] . Reassortment has also been reported to occur between Australian field isolates of Aino (AI-NOV) and Peaton (PEAV) viruses [15] , which are closely related to SHUV both serologically and phylogenetically.
The aim of this study was to provide a detailed genomic and phylogenetic characterisation of SHUV (SAE18/09) and to compare the sequence of this pathogenic strain to that determined for the prototype strain (An10107).
Materials and methods

Virus isolate
SAE 18/09, originally isolated from the brain of a horse, was cultured on Vero cells in EMEM containing 2 % foetal calf serum (Gibco BRL, Invitrogen). Cultures were incubated at 37°C until 70-80 % cytopathic effect was exhibited and harvested.
Genome sequencing
Forty-five milliliters of SAE 18/09 cell culture supernatant was put through Amicon Ultra 10 K centrifugal filters (Merck, Darmstadt, Germany). RNA was isolated from the concentrate using TRIzol LS (Sigma-Aldrich, Missouri, United States). The extracted material was purified using an RNA Clean and Concentrator-5 kit (Zymo Research, California, United States); the in-column DNase step was included. The sample was prepared for shipping using the GenTegra RNA system (IntegenX, California, USA). Libraries were prepared using a ScriptSeqv2 RNA-Seq Library Preparation Kit (Epicentre Biotechnologies, Wisconsin, United States). Both the protocol for FFPE samples and the protocol for alternative fragmentation (2 min at 85°C instead of 5 min) were utilized according to manufacturer's instructions unless otherwise stated. The quality of the libraries was evaluated using a Bioanalyzer with a High Sensitivity DNA Kit (Agilent Technologies, California, United States), and the quantity was determined using a Qubit dsDNA HS Assay Kit (Life Technologies, New York, United States). Cluster generation and pairedend 250-bp sequencing of the libraries was done on an Illumina MiSeq V2 instrument. Raw sequencing data were first trimmed and QC filtered using in-house scripts (http:// galaxy.wur.nl). Possible contaminants were identified (host cell fragments) by short-read mapping using Bowtie2 [16] and subsequent filtering.
Full de novo genome reconstruction was achieved by sequence assembly using ABySS (version 1.3.3; Canada's Michael Smith Genome Science Centre). Repeated shortread mapping using Bowtie2 and manual inspection of any unusual mapping densities were done to reduce errors in the assembly process. Finally, the full genome was reconstructed using closely related reference sequences, where we determined the synteny of the initial contigs from ABySS. A mapping-based approach in which sequence reads were mapped using Bowtie2 on the sequence fragments of the three segments determined earlier was used to confirm or refine earlier derived sequences. In addition, this allowed the reconstruction of the full sequences of the 5' and 3' ends of all three segments. Further manual curation by both complementary approaches into a single high-quality sequence was performed using SeqMan (DNA-STAR Lasergene version 11). Sequences were verified by classical Sanger sequencing.
Phylogenetic and sequence analysis
Nucleotide phylogenetic analysis was carried out using the Tamura-Nei model and amino acid analysis using the Jones-Taylor-Thornton (JTT) model [17] , both of which are included in MEGA version 5, using 1000 bootstrap analysis [18] . Alignments were carried out using the ClustalW subroutine [19] , which is included in the Bioedit program. Sequence similarity was determined using the distance estimation program of MEGA v5 [18] , using the p-distance model [20] . Analysis of cleavage sites, glycosylation sites and transmembrane domains was done using the following programs: SignalP (http://www.cbs.dtu.dk/ services/SignalP), NetNgly (http://www.cbs.dtu.dk/ser vices/NetNGlyc) and TMHMM (http://www.cbs.dtu.dk/ services/TMHMM).
Results
Genome segment sequence analysis
The full genome sequence of SAE 18/09, isolated from the brain of a horse that died with severe neurological signs [1] , was determined, and its conserved features and domains were compared to those of available Simbu serogroup viruses.
S segment
The S segment of SAE 18/09 was found to be 850 nucleotides (nt) in length, with a 3 0 untranslated region (UTR) of 33 and a 5 0 UTR of 115 nucleotides (Fig. 1a , Table 1 ). Phylogenetically, the S segment of SAE 18/09 groups with Aino (AINOV) and Kaikular (KAIV) viruses (Fig. 2a) , with percentage identities of 93.9 % (AINOV) and 93.7 % (KAIV), respectively (Table 1) . Certain regions of the N protein are conserved amongst members of the genus Orthobunyavirus, and these six domains were well conserved between SAE 18/09 and other members of the Simbu serogroup, as was observed by Saeed et al. [14] . Of significance is the observation that within the first conserved domain, the first Shuni isolate from Nigeria (AF362405) had an asparagine (N) residue at position 9 while all other members of the serogroup had an aspartic acid (D) residue at this position. The four residues involved in the formation of the ribonucleoprotein complexes (P 125 , G 131 , Y 158 and I 231 ) [21] were all conserved in SAE 18/09 (Fig. 1a) . In the NSs, which has been shown to play a key role in pathogenesis ( [22] [23] [24] , a single non-synonymous codon difference (L 84 ) was observed between the two SHUV isolates.
M segment
The M segment of SAE 18/09 was 4351 nt in length, with a 3 0 UTR of 23 and a 5 0 UTR of 113 nucleotides (Fig. 1b) . Phylogenetic analysis of the M segment sequences of members of the Simbu group demonstrated that SAE 18/09 was most closely related to Schmallenberg virus (SBV), with 61.4 % nucleotide sequence identity (Fig. 2b) . It had 51.8 % nucleotide sequence identity to JATV and 49.4 % to SHAV ( Table 1 ). The predicted signal peptide of the SAE 18/09 glycoprotein precursor as determined by SignalP 4.1, was situated between aa 17 and 18 (GVP-IP). The Gn/NSm cleavage site KSLRxAR, which is conserved amongst members of the California and Bunyamwera serogroups [6, [25] [26] [27] (Fig. S1 ), is less well conserved within the Simbu serogroup. Based on alignment with these viruses and comparison to the data obtained by Yanase et al. [9] , protease cleavage between Gn/NSm of SAE18/09 occurs after the conserved arginine (R) 308 residue (Fig. S1) .
The cleavage site between NSm and Gc is poorly conserved amongst members of the Simbu serogroup [9] , though between other members of the genus Orthobunyavirus, cleavage usually follows a conserved alanine residue [26] [27] [28] . SignalP predicts cleavage of SAE18/09 at VDA 464 -ND (Fig.  S1 ). Based on these analyses, the Gn protein comprises 291aa, NSm 156 aa, and Gc 940 aa -sizes that correlate well with what was found previously for other Simbu viruses [28] . However, SHUV isolate An 10107 differed at three positions with SAE18/09 at the NSm/Gc cleavage site, resulting in a predicted cleavage at AAS 465 -DK, changing the size of the NSm to 157 aa and that of Gc to 939 aa.
The number and positions of N-linked glycosylation sites (N-X-S/T) are not well conserved amongst members of the Simbu serogroup [9] , and in this analysis using NetNGlyc 1.0, four potential glycosylation sites were identified in the glycoprotein precursor of both SAE 18/09 and An10107: two in Gn and two in Gc (Fig. 1b, Fig. S1 ). The site at the amino terminus of Gn (N 40 ) is well conserved amongst members of the Simbu serogroup, as is N 492 , at the amino terminus of Gc. Our analysis showed 60 of 71 cysteine residues to be conserved between all Simbu serogroup viruses analysed, which was one more than originally found by Yanase et al. [9] (Fig. 1b) .
Transmembrane domains were determined using TMHMM. Two regions are identified in Gn (212-229) and (234-253), which together form a very long hydrophobic sequence (212-253) that is followed by charged amino acids (254-267), similar to stop-transfer sequences seen in the transmembrane domains of other viral envelope proteins [5, 6] . In NSm, three regions were identified (315-337, 371-393, 445-462); and in Gc, one (1357-1379) (Fig. 1b, Fig. S1 ). The latter likely functions as a membrane anchor [6, 29] .
L segment
The L segment of SAE 18/09 is 6910 nt in length with a 31-nt 3 0 UTR and a 117-nt 5 0 UTR (Fig. 1c) . This is comparable with other members of the Simbu serogroup, although SAE 18/09 has a significantly longer 5 0 UTR. Only three complete Simbu group L segments were available for phylogenetic analysis. SAE 18/09 branched separately from the other Simbu serogroup members (Fig. 2c) . In terms of nucleotide sequence identity, the complete L segment of SAE 18/09 was most similar to SBV (66.2 %), followed by AKAV (65.8 %) and OROV (61.8 %) ( Table 1) . A comparison of the L protein aa [30] . Conserved regions I and II, containing the conserved residues PD (aa 76-77) and RY (aa 650-651), respectively, were also identified in all members investigated. Pre-motif A as well as motifs A, B, C, D and E, which make up region III (aa 947-1238), are highly conserved, with the only significant difference being that AINOV has a V ? I 971 substitution, which is not shared by any other members, including SAE 18/09 (Fig. 1c) . The four conserved residues of region IV -G 1274 , Y 1294 , G 1323 and G 1336 [10] -showed 100 % homology.
Phylogeny of the viral proteins
Since few full-genome sequences of members of the Simbu serogroup were available, phylogenetic analysis was also carried out for the individual viral proteins to determine whether any reassortment had occurred. All protein sequence comparisons resulted in clustering of SAE 18/09 with the prototype SHUV isolate (An10107), suggesting that no reassortment had occurred relative to the two strains that would account for the varied pathogenicity observed. Shuni virus showed the same relative clustering to the members of the orthobunyavirus serogroup for all proteins, which does not suggest reassortment. 
Nucleoprotein (N)
The N gene was found to comprise 702 nt coding for 233 amino acids. The N protein was analysed at both the nt and aa levels. At the nucleotide level, SAE 18/09 grouped with the prototype Shuni virus strain (An 10107) (97.9 %). In the Aino/Kaikular clade, the grouping was similar to that obtained with the whole S segment. At the amino acid level, however, SAE18/09 grouped with Shuni, Peaton and Sango viruses, but the bootstrap values for this branching was low (55 %) (Fig. 3a) . Distance analysis revealed the sequence identity between the two SHUV isolates to be 100 %, with interspecies values of 99.6 % (Peaton, PEAV), 99.6 % (AINOV), 99.6 % (Sango, SANV) and 98.3 % (KAIV) ( Table 1) .
Non-structural protein S segment (NSs)
The NSs gene consists of 276 nt; and the encoded protein, 91 aa. Phylogenetic analysis of NSs revealed similar groupings at both the nt and the aa level. SAE 18/09 grouped with SHUV (An 10107), AINOV, KAIV, and SANV, although bootstrap support was low. Analysis of NSs at the nt level showed 99.3 % identity between the SHUV isolates, and interspecies values of 99.3 % (KAIV) and 98.6 % (AINOV). Amino acid analysis gave a similar result, with a value of 98.9 % between the SHUV isolates and interspecies values of 98.9 %. (KAIV) and 96.7 % (AINOV) (Fig. 3e) .
Glycoprotein precursor (GPC)
The M segment codes for a 1404-aa protein. Phylogenetic analysis revealed that SAE 18/09 groups with SHUV and AINOV at both the aa and nt level, with 100 % bootstrap support for the complete GPC. Distance analysis at the nt level showed identity values of 98.8 % between the SHUV isolates and interspecies values of 84.9 % (AINOV) and 70.7 % (SATV). At the aa level, the SHUV isolates shared 97.9 % identity. The interspecies values were much lower, with 75.9 % (AINOV) and 56.4 % (SATV), reflecting the low level of conservation in the orthobunyavirus GPC.
Gn
Amino acid (Fig. 3c) and nucleotide sequence analysis of the Gn protein of SAE 18/09 resulted in the same topology as the full GPC analyses, where SAE 18/09 grouped with SHUV and AINOV within a clade including DOUV, SATV and SBV. Distance estimation showed the Gn protein to be more conserved than the precursor, with 99.2 % nucleotide sequence identity between the SHUV isolates, 92.5 % to AINOV and 82.9 % to SATV. The amino acid identity value between the SHUV isolates was 98.7 %, followed by interspecies values of 89.3 % (AINOV) and 73.4 (SATV).
NSm
Analysis of the NSm sequence revealed a topology similar to that of Gn. The genetic distance between the Simbu group viruses is low for NSm [6, 9] , and in the nt analysis SAE 18/09 was 97.9 % identical to SHUV (An 10107) and only 70.3 % similar to AINOV. At the aa level, the two SHUV isolates shared 96.2 % identity, followed by 59 % identity to AINOV (Fig. 3f) . 
Gc
Phylogenetic analysis of Gc resulted in the same topology as was observed for Gn at both the nt and the aa level. Nucleotide sequence identity between the two SHUV isolates was 98.8 %, with an interspecies identity of 83.7 to AINOV. Amino acid analysis showed 97.9 % identity between the SHUV isolates and 74.4 % identity to AINOV. The lower level of homology in the Gc protein is well documented for the orthobunyaviruses [5, 6, 9] (Fig. 3d) .
RNA-dependent RNA polymerase (RdRp)
The RdRp comprises 2253 aa. Phylogenetic analysis of the RdRp protein of SAE 18/09 grouped it together with SHUV (An 10107) in a clade with AINOV, with high bootstrap support at both the nt and the aa level (Fig. 3b) . Sequence identity at the nt level demonstrated SAE 18/09 to be 93.5 % similar to SHUV, 85.1 % to AINOV, and 78.7 % to SANV. At the aa level, it was found to be 98.9 % similar to SHUV, 95.2 % to AINOV and 90.5 % to SANV.
Terminal sequences
The 5 0 untranslated region (UTR) sequences of all three SAE 18/09 genomic segments are identical for the first 10 nt, as are the corresponding 3 0 UTR sequences (Fig. 4a) . In addition, these 5 0 and 3 0 sequences exhibit complementarity for all but one of the first 11 nt; the mismatch at position 9 is conserved amongst members of the Bunyaviridae [5, 31, 32] . Complementarity extended to 15 nt in the S segment, 17 nt in the M segment, and 19 nt in the L segment (Fig. 4b) , which was similar to what has been seen in Bunyamwera virus, where complementarity extends to 15, 18 and 19 nt, respectively [33, 34] . The AACA motif, which is associated with minireplicon activity [35] , was found to be conserved for all three segments of SAE 18/09 (AACA 24 ).
Discussion
The genome sequence of the pathogenic SHUV strain SAE18/09 was determined and compared with the prototype strain An10107, isolated from an asymptomatic bovine. Though highly similar, distinct differences were found between the sequences of these two strains.
Only a limited number of viral sequences were available for the full segment analyses; however, the overall topology for the S, M and L segments was uniform and reflected the results seen in other partial genome studies [3, 8] . The analysis of the viral proteins was more comprehensive, and for all the proteins, SHUV SAE18/09 grouped with SHUV b Fig. 3 An10107 and AINOV, its closest serological relative, the topology reflecting the original molecular analysis of the Simbu serogroup viruses [8] . Sequence identity between the two SHUV isolates was high and ranged between 93.5 and 99.3 % at the nt level and 96.2-100 % at the aa level for all viral proteins. In particular, for the N ORF, the values of 97.9 % (nt) and 100 % (aa) were very high for isolates from different geographic locations and isolated decades apart but reflected what has been seen in other bunyaviruses such as RVF. However, for Aino and Akabane viruses, the identity between Australian and Japanese strains can result in differences up to 7-8.9 % [36, 37] . The highest variation existed in the NSm and Gc proteins, Gc is exposed on the outer surface of the virion and is thus a principal target of neutralizing antibodies. Such variation may play a role in positive selection, resulting in drift and potential immune evasion over time.
A noteworthy variation that has been linked with differences in pathogenicity in other viruses was that, in the prototype SHUV isolate (An10107), the predicted cleavage site for NSm/Gc produced an NSm and a Gc protein one aa longer and shorter, respectively, due to three aa changes at the cleavage site. The significance of these changes will need to be investigated in studies of expression and pathogenicity, as they can lead to changes in the efficiency of signal peptide cleavage, which in turn can affect the production of infectious virions [38, 39] . The high level of conservation between these two isolates -one of neurologic origin and the other asymptomatic origin -further highlights the need to investigate the factors that influence SHUV pathogenicity.
In summary, the genome of SHUV shared all of the features and conserved domains previously identified for the Simbu serogroup. Phylogeny of the viral proteins was similar throughout, with no indication of genomic reassortment. This genome sequence and phylogenetic analysis marks an important step towards the establishment of a reverse genetics system to analyse the biology and pathogenicity of SHUV, as well as towards the further elucidation of the molecular relationship between members of the Simbu serogroup. Nevertheless, more full-genome sequences are required to fully elucidate the relationship between the Simbu serogroup viruses, and the mutations observed between the two SHUV strains at the NSm/ Gc cleavage site need to be investigated further.
